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Genetic differences between early and late forms of Alaskan chinook salmon (Osacsrhynehus tshawytscha) 
were identified using two genetic approaches: mitochondrial DNA (mtDNA) analysis, and protein elec- 
trophoresis. Study populations consisted of early and Bate runs in each of the Kenai and Kasilof rivers in 
Alaska, and a population from the Minam River, Oregon. Two segments of mtDNA were amplified using 
the polymerase chain reaction (PCR) and digested with 14-1 6 restriction enzymes. Results showed that early 
runs were genetically similar to each other but different from the late runs. The late runs were different from 
each other based on the frequency of the common haplotypes. Frequency differences in shared haplo- 
types together with the presence of a unique haplotype separated the Minam River stock from those in Alaska. 
In the protein anaiysis, each population was examined at 38 allozyme loci. Based on 14 polymorphic 
loci, Minam River salmon were genetically distinct from the Alaskan populations. Within the Alaskan 
populations, early runs were most similar to each other but different from the late runs; the late runs 
were also genetically most similar to each other. Both mtDNA and allozyme analysis suggest that chinook 
salmon may segregate into genetically different early and late forms within a drainage. 

Les auteurs ont identifik des differences gknbtiques chez des populations de saumon quinnat (Bncorhynchus 
tshawytscha) de ['Alaska montaison hiltive et tardive en utilisant deux approches genbtiques, soit 
I'analyse de I'ADN rnitochondrial (ADNrnt) et I'blectrophor&se des protkines. Ces populations provien- 
nent des rivi$res Kenai et Kasilod, en Alaska; une population de la riviere Minam, en Oregon, a aussi 
6t6 etudike. Beux segments d'ADNrnt ont 6t$ amplifiks par r6action en chaPne de la polymerase (PCB), puis 
hydrolysks A I'aide de 14 3 16 enzymes de restriction. bes resultats ont r6vel6 que %es populations a mon- 
taison hative 6taient genbtiquement semblables, mais diff6rentes des populations A montaison tardive. 
Ces derni$res n'etaient pas sernblabies, du rnoins d'apr&s la frequence des haplotypes eommuns. bes 
diff6rences dans la frequence des haplotypes communs et la prksence d'un haplotype unique diffkren- 
cient le stock de la riviere Minam des stocks de IfAlaska. Dans le cadre de I'analyse des protkines, 30 loci 
codeurs d'allozyrnes ont $tk examines chez chaque population. D1apr$s 14 loci polymorphes, les saumons 
de la rivi&re Minam sont distinets, au plan genktique, des populations de I'Alaska. Au sein des populations 
de I%Iaska, les populations 21 montaison hative se ressemblaient le plus, mais diffkraient des populations 
A montaison tardive; ces dernigres se ressemblaient aussi ie plus au plan genbtique. Les r$suleats des 
analyses de %'ADNmt et des allozyrnes portent A croire qque Ifesp$ce peut se &parer en formes montaison 
hative et tardive g4n6tiquement diffirentes 2 Bfint6rieur d'un meme bassin versant. 
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T he tendency of chinook salmon (Oncoahynchecs 
tshawytsch) to return and spawn in their river of origin 
(Quinn 198%; McIsaac and Quinn 1988) results in 

separate breeding populations that may be biochemically, 
morphologically, and ecologically different. Because con- 
serving genetic diversity mong populations of fish is critical 
to species survival (Meffe 1986; Nelson and Soule 1987; 
Allendorf et al. 1987), a first step towards genetic conser- 
vation is to identify those groups that constitute separate 
breeding populations (Larkin 1981). Although it is often 
difficult to determine, whether morphological and ecological 
differences among chinook salmon populations reflect 
separate breeding groups, the consequences of ignoring such 
differences may be a loss of genetic diversity for the whole 
species. 

Analysis of genetic variation has proven to be a useful 
technique in identifying separate breeding populations. Geno- 
typic data inferred through protein electrophoresis have been 
successful in discriminating among broad geographical 
groups of chinook salmon (Allendorf and Phelps 1981; 
Kristiansson and McIntyre 1976; Winans 1989; Utter et al. 
1973, 1989; Gharret et al. 1987). 

Analysis of mitochondrial DNA (mtDNA) is an alternative 
way of examining genetic diversity among groups. Detect- 
ing variation within species and organizing individuals into 
matriarchal phylogenies is facilitated by the maternal inher- 
itance of mtDNA (Wutchison et al. 1974; Giles et al. 1980; 
Gyllensten et al. 1985), its individual homogeneity (Avise 
et al. 1979), and its apparently high rate of sequence 
evolution (Brown et al. 1979). The fast rate of evolution, 
which appears to be approximately four times faster than 
that of nuclear genes (Birky et al. 1983; Wilson et al. 198%), 
offers a magnified view of the divergence between closely 
related populations (Gyllensten and Wilson 1987) and aids 
tremendously in the analysis of interspecific relationships. 
MtDNA analysis in fish has been successful in detecting 
differences both among and within species (Thomas et al. 
1986; Cronin et al. 1993). However, few studies have e x m -  
ined mtDNA variation of morphologically and ecologically 
differentiated chinook salmon. 

Our objective was to determine if genetic differences 
existed among chinook salmon that exhibit different eco- 
logical spawning characteristics. Chinook salmon popula- 
tions from the Kasilof and Kenai rivers, Alaska (Fig. I), 
were chosen for two reasons. First, both rivers support early- 
and late-run salmon. Cold winter water temperatures and a 

growing wason in Alaska presumably cause the 
runs to be concentrated over a 3-mo period (Burger et al. 
1985). In the Kasilof River, the early run enters the river 
during June and the late run returns from late July through 
early September (Faurot and Jones 1998). Similarly, Kenai 
River early-run chinook enter the river through June whereas 
the late-run returns during July and early August (Burger 
et al. 1985). Late-run fish in both rivers spawn in the main- 
stems downstream of large lakes whereas early-run fish 
spawn in tributaries that are not influenced by lakes (Burger 
et al. 1985; Faurot and Jones 1990). 

Geographical proximity was a second factor in choosing 
the Alaska study populations. If genetic differences existed 
among geographically close yet ecologically different pop- 
ulations, detectable genetic differences might also exist 
among other chinook salmon populations in Alaska. In that 
case, a baseline could be developed to determine the genetic 

origins of the stocks harvested in various commercial and 
sport fisheries. 

Methods 

Collection of Samples 

Skeletal muscle, liver, heart, eye, and caudal fin tissues 
were collected from chinook salmon during the summers 
of 1990, 1991, and 1992 from the Kenai and Kasilof rivers 
and the Minam River, Oregon (Fig. 1). Tissues were stored 
at - 80°C until analyzed. 

In the Kenai fiver, postspawning early-run chinook salmon 
were collected on the spawning grounds in a tributary (Fig. 1) 
by dipnetting. Late-run fish were collected with drift nets 
on the spawning grounds downstream of Skildc Lake (Fig. 1). 
Additional samples of early- and lak-mn salmon were col- 
lected from angled fish at Poacher's Cove each week from 
June 4 through July 27, 1991 (Fig. 1). Based on previous 
studies of seasonal entry into the river (Hammarstrom 1981) 
and geographical spawning distribution (Burger et al. 1985), 
fish collected before July 1 were considered the early-run 
form whereas fish collected after July B were considered to 
be late-run salmon. 

During field sampling at Poacher's Cove and prior to 
obtaining tissues for genetic analysis, 12 morphological 
characteristics were measured on each fish to determine if 
morphological differences existed between the early and 
late guns of chinook salmon in the Kenai River. These mor- 
phological features are a collection of those used by other 
investigators (Riddell and Leggett 198 1 ; Beacham 1984; 
Taylor and McPhail 1985; HCnault and Fortin 1989). Some 
of these characters have been successfully used to separate 
stocks within a basin (Riddell and Leggett 1981; Beacham 
1984). Measurements were: (1) distance from mideye to 
fork of tail; (2) &stance from snout to fork of tail; (3) weight; 
(4) girth (circumference of fish at anterior insertion of dorsal 
fin); (5) circumference of caudal peduncle; (6)  length of 
base of dorsal fin; (7) length of longest dorsal fin ray; 
(8) length of base of anal fin; (9) length of longest anal fin 
ray; (10) length of longest pelvic fin ray; (11) length of 
longest pectoral fin ray; and (12) length of adipose fin from 
anterior end of base to tip. 

In the Kasilof River, tissues from adult early-run chinook 
salmon and their progeny were obtained from fish at the 
Crooked Creek Hatchery (Fig. 1). The hatchery has prop- 
agated early-run chinook salmon since 1974 from native 
chinook salmon that spawned in Crooked Creek (R. Och, 
Alaska Department of Fish and Game, persoqal communi- 
cation). Tissues were obtained from adult late-run chinook 
salmon collected with drift nets on the spawning grounds 
downstream of Tustumena Lake (Fig. 1). Because fertilized 
ova from Kasilof late-run salmon were incubated (Alaska 
Department of Fish and Game) for fry releases in other 
drainages, tissues were also obtained from hatchery-reared 
progeny of the late-run stock. 

Tissues from juvenile chinook salmon h m  the Ivhm River, 
Oregon, were used to examine regional differences m o n g  
chinook salmon populations and to provide a relative scale 
for interpreting differences mong Alaskan populations. The 
Minam River is a tributary to the Snake River. The distant 
geographical isolation of Minam River chinook salmon sug- 
gested a high probability of genetic difference between this 
stock and Alaskan chinook salmon. 
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FIG. 1.  Collection sites of chinook salmon samples in south-central Alaska and central Oregon, 1990 through 1992: ( I )  Kenai River 
early-nun; (2) Kenai River early- and late-run; (3) Kenai River late-run; (4) Kasilof River early-run; (5) Kasilof River late-run; 
(6) Minarn River (Insert, shows general sampling sites in Alaska and Oregon). 

Tissue Analysis 

Procedures described by Cronin et aH, (1993) were used to 
extract, amplify, and digest mtDNA segments (NADH dehy- 
drsgenase subunit B (ND-8) and the control region) and to 
visualize restriction fragment patterns. Restriction enzymes 
used in the analysis sf the ND-H and control region seg- 
ments were A d ,  AvaII, BglI, BglIH, BstUI, DdeI, EcaRI, 
f!hf?II, HaeIII, HincII, HindIII, MspI, haH, and XbaI. Ad&-- 
tionally, BsaJH and BstNI were used only for the control 
region segment. The sizes of the restriction fragments were 
estimated by comparison with the standards (PhiX174 
Am3cs70 virus DNA digested with HaeIII or h phage DNA 
digested with HindIII). Restriction fragment patterns pro- 
duced by each of the mDNA segment-restriction enzyme 
combinations were used to define composite haplotypes 
(kansman et al. 1981). 

Twenty fish fiom each of the hsilof River chinook salmon 
mns were used to detemine the repeatability of the mtDNA 
analysis techniques applied in this study. DNA was extracted 
and analyzed from muscle at the Oregon Cooperative 
Fisheries Research Unit laboratory, Oregon State University. 
Liver samples from the same fish were analyzed at the 
Alaska Fish and Wildlife Research Center laboratory in 
Anchorage, Alaska. Different tissues (muscle and liver) 
were used tee detemine if identical results could be achieved 
regardless of tissue type. The haplotype of each individual 
was identified at both labs and the results were examined 
for inconsistencies, Procedures for detecting genetic variations 
at 30 allozyme loci (Table B) followed those of Aebersold 
et al. (1887). 

Data Analysis 
Based on seasonal entry into the rivers (Hammarstrom 

198 1 ; Fanrot ' and Jones 1990) and geographical spawning 

distribution (Burger et al. 1985), data were partitioned into 
five groups: Kenai River early run, Kenai River late run, 
Kasilof River early run, Masilsf River late run, and Minam 
River. Tests of homogeneity using the likelihood of ratio 
statistic (G; Sokal and Rohlf 1981) were used to determine 
if haplotype frequency data as well as allele frequency data 
could be pooled for different years and maturity classes. 

Among-Population Diflerences 
Relationships among groups were defined by hierarchial 

tests of homogeneity, using the log likelihood ratio statistic 
(G; Nei 1973, 197%; Sokal and Woklf 1981), for both hap- 
lotype and allele frequencies. The level of significance for 
each comparison within the hierarchy was calculated fol- 
lowing the procedures of Soksnl and Rohlf (1981). 

Morphological differences between early- and late-run 
chinook salmon in the Kenai Ever were ex 
sis of variance (ANOVA). A random sample of 20 fish from 
each population was used in the analysis. A principal com- 
ponent analysis (PCA) was conducted to exmine the effect 
overall fish size had on the 12 morphological characteristics 
measured. Removal of the first component of the PCA, 
which represents fish size, allowed us to determine if there 
was a difference in body shape between the early and the 
late runs of chinook salmon in the Kenai River. 

Estimates of Within-Bsgulata'on D ~ V ~ T S ~ O  
Genetic diversity within each population was estimated 

using both mtDNA and allozyme data. MtDNA haplotype 
and nucleotide diversity was estimated according to Nei 
(1987) and Nei and Tajima (1981) using haplotype fre- 
quencies. Within-population diversity based on allozyme 
data was estimated from mean heterozygosities md the per- 
centage of polymorphic loci. Goodness-of-fit tests using 
Pearson's X2 were used to determine departure from 
Hardy-Weinberg equili brium. 
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TABU 1. International Union of Biochemistry (I.U.B.) enzyme names (1984), Enzyme C o d s s i o n  (E.C.) 
numbers, loci, tissues, and buffers used in this study. Tissues: M = muscle; L = liver; E = eye; 
PI = heart. Buffers: TBE = Tks-borate-EDTA-gel and tray buffer, pH $.5; CAME = citric acid - 
EDTA gel and tray buffer, pH 6.8;  CAMEN = citric acid - EDTA - NAD' gel and tray buffer, 
pH 6.8; TC-4 = Tks - citric acid gel and tray buffer, pH 5 3 ;  KG = Tris-glycine gel and tray buffer, 
pH 8.4 (Wilmot et al. 1992). 

- - 

P.U.B. enzyme name E.C. No. Locus Tissue Buffer 
- 

Aspartate aminotransferase 

Adenosine deaminase 

Aconitate hydratase 
Alanine aminotransferase 
Creatine kinase 
Glucose-6-phosphate isomerase 

Glutathione reductase 

Isocitrate dehydrogenase (NADB') 

&-lactate dehydrogenase 

Malate dehydrogenase 

Malic enzyme (NADP') 

Dipeptidase 
Tripeptide aminopeptidsase 
Broline dipeptidase 

Bhosphoglucomutase 

Superoxide dismutase 

Triose-phosphate isomerase 

rnAAT-1" H 
sMT-1,2* H, M 
ADA-1 * W, 
ADA-2* H, M 
sAH-1 * L 
ALAT* H, h.a 
CK-B* M9 E 
GPI-Bl* M 
GPI-B2* M 
GPI-A * M 
GR* H9 M 

E 
sIDHP-1 * H9 M, H, 

M, E9 
slDHP-2* H, M, 

M, E, L 
LDH-Bl* E, H, 
LDH-BZ* E, L 
LDH-C* E 
rnMDH-I* H 
sMDH-A1,2" H, M, E, L 
sMDH-Bl,2* H, M, E, L 
sMEP-I * H, M 

L 
sMEP-2* H, M 

L 
PEPA* E 
PEPB-1 * H9 M 
PEPD2* H 

M, L 
PGM-1 * H, M 

L 
PGM-2* H, M 

L 
SSOD-1 * L 

H, M 
TPI-1 * H, M, E 
TPI-2* H, M, E 
TPI-3* H9 M, E 

CAMEN 6.8 
CAME 6.8 
KG, TC-4 
KG, TC-4 
CAME 6.8, TC-4 
KG 
KG 
KG, TBE 
KG, TBE 
KG, TBE 
TC-4 
CAME 6.8 
TC-4 
CAME 6.8 
TC-4 
CAME 6.8 
KG, CAME 6.8 
KG, CAME 6.8 
KG 
CAMEN 6.8 
CAME 6.8 
CAME 6.8 
CAME 6.$ 
TC-4 
CAME 6.8 
TC-4 
KG, CAME 6.8 
KG, TC-4 
CAME 6.8 
TC-4 
KG 
TC-4 
KG 
TC-4 
TC-4 
KG 
KG 
KG 
KG 

Estimates of Between-Population Diversity 
Genetic diversity between populations was also estimated 

using both mtDNA and allozyme data. MtDNA nucleotide 
divergence was estimated according to Nei (1987). Nei9s 
genetic identity values (Nei 1972; 1978) were used to esti- 
mate allozyme diversity between populations. Phenograms 
based on both haplotype suld allele fiquencies were examined 
for mtDNA and allozyme similarities among populations. 
Phenogams were constructed from matrices of genetic iden- 
tity values (Nei 1972, 1978) using the unweighted pair- 
group method with arithmetic averages (WPGMA) algorithm 
(Sneath and Sokal 1973). Cluster analysis of the mtDNA 
data was d s o  conducted using nucIeotide divergence values 
and compared with the phenogram based on haplotype 
frequencies. 

Results 

Results of the replicate testing were 100% repeatable 
between the two labs. The haplotype of each individual fish 
was consistently identified at both labs regardless of the 
type s f  tissue (liver or muscle) used in the analysis. 

Within each population, both haplotype and allele fre- 
quency data from different years and maturity classes showed 
no statisticidly significant differences, allowing us to pool the 
data for each population. The mtDNA analysis revealed 
variable fragment patterns when the ND-H segment was 
digested with DdeI and RsaI and the control region seg- 
ment was digested with RsaS (Table 2). The four different 
composite haplotypes (Dl, D2, D3, D4) are described in 
Table 3 and their distribution among populations is shown in 
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TABLE 2. MtDNA segments with restriction site 
polymorphisms and the restriction fragment lengths. 
Fragment length is presented as number of base pairs. 

MtDNA Fragment 
segment Restriction site length Pattern 

Control Wsks I 1153 - B 
region 887 A - 

441 A - 
252 - B 

ND- 1 4-75 A - 
422 - B 
349 A B 
279 A B 
258 A B 
193 A B 
183 - B 

663 A C 
542 - C 
381 A - 
361 A C 
327 A C 
305 A - 

Table 4. Of the 30 dlozyme loci examined, 16 were mono- 
morphic for all populations. Of the remaining 14, five loci 
had low levels of polymorphism (frequency of the common 
dlele 9.95); these were AH-I*, !UP, LDH-B2*, PEPDZ*, 
and PEPB-I*. Loci which displayed higher levels of poly- 
morphism (frequency of the most common dlele 90.95 in at 
least one population) were ADA-I*, S~DHP-I*, sBDHP-2*, 
sMDH-B1,2*, sMEP-d*, sMEP-2*, PEP!*, sSOD-d*, and 
TBB-4* (Table 5). No deviations from Hardy-Weinberg 
equilibrium were observed (P > 0.05). 

Among-Population Differences 

Tests of homogeneity identified similar patterns of genetic 
differentiation for both mtDNA a d  allozyme data (Table 6). 
The mtBNA data indicated that the early runs in the Kenai 
and Kasilof rivers were genetically similar to each other 
but different from either of the late mns; the late mns were 
different from each other based on the frequency s f  the 
common haplotypes (haplotypes D1 and D2). Although all 
populations shared the Dl  and D2 rntDNA haplotypes, the 
frequency difference of the shared haplotypes together with 
a unique haplotype (D3) in the Minam River stock allowed 
us to separate the Oregon population from those in Alaska. 
Because the Minarn River population shared'haplotypes D H 
and B2 with the Alaska populations, it was genetically most 
similar to the two early runs in this respect. There was also 
a unique haplotype (D4) found at a low frequency in the 
Kenai River early-run population. 

The allozyme data revealed genetic differences among 
the populations that were very similar to those determined by 
mtDNA analysis (Table 6).  Among the Alaska populations, 
the test of homogeneity indicated that the two early runs 
were genetically most similar to each other but different 
from both of the late WS. The two late mars were s ~ d s ~ c d l y  
different from each other and the Minam River chinook 
were statistically different from the Alaska populations. 

There was a significant difference in size of the fish 
from the Kenai River early and late runs. Based on all 

TABLE 3. Composite haplotype definitions for chinook 
salmon. Letters refer to the banding patterns seen in 
individual samples. The banding patterns are shown in 
Table 2. 

- - -- 

Haplotype definition 
MtDNA Restriction 
segment enzyme D1 D2 D3 B4 

Control 
region Rsaf A A A B  

MD-H DdeI A A B A  
RsaI A C C C  

12 morphological characteristics, late-run fish were lager than 
early-run salmon (Hotelling-T; p < 0.800l) (Table 7). The 
first component of the PCA accounted for 85.7% of the 
variation between groups while the second and third com- 
ponents accounted for 4.5% and 2.7% respectively. After 
accounting for the effect that fish size had m body shape by 
removing the first component, there was no statistically 
significant difference between early- and late-run salmon 
in the Kenai River. Consequently, we were unable to iden- 
tify any differences in shape despite the clear difference in 
overall fish size. 

Estimates of Within-Population Diversity 
The most genetically diverse population was the Kenai 

River late run. Haplotype diversity within this population 
was 0.4806 and nucleotide diversity was 8.0044 (Table 4). 
Mean heterozygosity and the percentage of polymorphic 
loci were 8.037 and 48% (Table 5). Mean heterozygosity 
(0.034) and percentage of polymorphic loci (40%) in the 
Kenai early run were comparable but the early run had the 
lowest haplotype diversity (0.1716) as well as the lowest 
nucleotide diversity (0.0819) of all populations. 

Estimates of Between-Population Diversity 
Nucleotide divergence ranged from 0.0801 to 8.8096 and 

averaged 0.0021 (Table 4). Although these values are low, 
intraspecific mtDNA divergence values less than 8.01 have 
been reported for chinook salmon from Alaska and British 
Columbia (Wilson et al. 1987). The greatest divergence 
among populations occurred between the Kasilof River late 
run and the other four populations. The divergence of the 
Kasilof River late run was, on average, 2.5 times greater 
than the divergence among the other populations. 

The divergence of the Kasilof River %ate run is clearly 
depicted in the mtDNA phenogram shown in Fig. 2. How- 
ever, the phenogram depicting the allozyme similarities 
among the populations does not show a clear divergence sf 
the Kasilof River late run. Instead, the populations appeared 
to cluster in accordance with their ecological spawning char- 
acteristics and geographic locations. The two early runs 
grouped separately from the two late runs, and a clear dis- 
tinction exists between the Minam River and Alaska chinook 
salmsn populations. The same groupings did mot occur when 
cluster analysis was conducted using gnatDNA data. In this 
case, the Minam River population was similar to the two 
Alaska early runs and the two late runs were different from 
each other. An identical rntDNA phenogram resulted when 
cluster analysis was conducted using the nucleotide diver- 
gence values. 
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TABLE 4. (A) Distribution of chinook salmon mtBNA haplotypes among locations in the Kenai, Kasilof, and Minam 
rivers and haplotype and nucleotide diversity within each population. Numbers of locations correspond to those in 
Fig. 1. A = adult; J = juvenile. 

Composite 
haplotype 

Sampling Sample Year Haplotype Nucleotide 
location group sampled Maturity Dl D2 D3 D4 diversity diversity 

1 2  Kenai early-run 1991 A 4 70 - 3 0.1'91 6 0.00 19 
2,3 Kenai late-run 1990, 1991 A 52 76 - - 0.4806 0.0044 
4 Kasilof early-run 1990, 1991 A 4 2 1 - -  0.3094 0.0030 

1991, 1992 J 4 2 9 - -  
5 Kasilof late-run 1990, 1991, 1992 A 66 16 - - 0.2809 0.0026 

1991, 1992 J 26 9 - -  
6 Minam River 1990 9 1 2 1  3 -  0.2900 0.8028 

(B) Nucleotide diversity (above diagonal) and divergence (below diagonal) among populations 

Kenai early-run Kenai late-run Kasilof early-run KasiIof late-run Mitnam River 

Kenai early-run - 0.0042 0.0025 0.0079 0.0024 
Kenai later-run 8.0010 - 0.0043 0.0052 0.8048 
Kasilof early-run 0.0001 0.0006 - 0.0073 0.0029 
Kasilof late-run 0.0056 0.0018 0.0046 - 0.808% 
Minam River 0.0001 0.0012 0.0001 0.0059 - 

Discussion 

Based on both mtDNA and allozyme analysis, we iden- 
tified genetic differences among ecologically different forrns 
of chinook salmon in the Kenai and Kasilof rivers. The 
largest genetic difference, based on the test of homogeneity 
using mtDNA data, occurred between the Kasilof River 
early and late runs. Genetic differences among salmon within 
a drainage have previously been reported based on allozyme 
analysis (Cumens et al. 1998; Wilmot et al. 1992). How- 
ever, we could not locate published accounts of mtDNA 
differences between populations in a drainage that are as 
temporally or spatially close as the early and late funs in 
the Kasilof River. The spawning times of early- and late- 
run chinook salmon in the Kasilof River differ by only about 
6 weeks and their spawning grounds are separated by only 
l 9 river kilometers. 

Because the Kasilof River early run has been propagated 
in a hatchery since 1974, a founder effect as well as genetic 
drift could account for the differences we identified in the 
Kasilof River populations. To evaluate the potential for 
founder effect in hatchery populations (Waples 1990), the 
number of fish used as broodstock since 1994 in the Crooked 
Creek hatchery was examined. Twelve females (estimated 
fecundity = $086) and 19 males from the naturally spawn- 
ing population in Crooked Creek were used to start the 
hatchery population in 1974 (R. Och, Alaska Department 
of Fish and Game, personal comunication). Chinook salmon 
take 2-5 yr to reach sexual maturity. As a result, adults 
from the naturally spawning population were used in the 
years following 1974 because the progeny of the initial 
hatchery population would not have returned to spawn for at 
least 2-5 yr. In 1991 and 1992, an average of 68.4 females 
(estimated fecundity = 6780) and 36.2 males of the fish 
returning to the hatchery were used to propagate the early 
run. Although the effective population size (N,; Hartl and 

Clark 1989) for the initial spawning was relatively low 
(ItV, = 29-42), continued use of wild spawning fish in the 
years immediately following 1974 and the presence of their 
haplotypes (Dl and D2) in similar frequencies in the Kenai 
Rver populations suggest that the hatchery influence does not 
account for all of the variability identified in the Kasilof 
River populations. The genetic difference between the w l y  
and late runs in the Kasil~f  River is further supported by 
the test of homogeneity (Table 6) and cluster analysis (Fig. 2) 
based on the allozyme data. 

Genetic differences were also identified between ecolog- 
ically different forms in the Kenai River. Both the test of 
homogeneity and the cluster analysis revealed genetic dif- 
ferences between the early and late runs. 

Among the populations that exhibit ecologically similar 
spawning characteristics, tests of homogeneity between the 
two early runs in the Kenai and Kasilof rivers showed no 
statistically significant difference. Conversely, there was a 
statistically significant difference between the two late runs. 
The sampling design for obtaining fish h m  the Kenai River 
late-run population could explain the difference between 
the two late runs. Because all but 7 of the 128 fish catego- 
rized as late-run salmon were obtained in the lower section 
of the Kenai fiver at Poacher's Cove (Fig. l), it is likely that 
we unintentionally included some early-run fish in the late- 
run category and artificially altered the haplotype frequen- 
cies within the Kenai River late-run group. Studies in pre- 
vious years showed all fish collected at Poacher's Cove 
after July 1 to be late-run salmon (Burger et al. 1985; 
Hammarstrom 198 1). During 1991 and 1992, however, early- 
run salmon may have migrated through the lower river to 
spawning tributaries after July 1. The only difference between 
the two late runs is the frequency of the shared haplotypes, 
Dl  and D2. The D2 haplotype predominates in the early runs 
from both the Alaska rivers. The Dl  haplotype is character- 
istic of late-run fish in both rivers. If Kemi River early-run fish 

Can. J. Fish. Aquat. Sci., Vol. Sl(%uppl. I ) ,  1994 

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
U

S 
G

E
O

L
O

G
IC

A
L

 S
U

R
V

E
Y

 L
IB

 o
n 

05
/0

6/
13

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



TABLE 5. Allelic frequencies at 14 polymorphic loci for chinaask salmon sampled from the Kenai9 Kasilof, and Mimm rivers fmm 1990 to 1992. The most 
populations. Allele mobility numbers separated with a slash 

ADA- % sAH-1 A U T  sIDHP- % sIDHP-2 LDH-B2 sMDH-BI, 2 

Population 100 83 100 86 188 94 100 74 136 180 127 50 100 56 100 1211126 

Kenaiearly-run 0.965 0.035 0.990 0.010 8.995 8.005 0.995 0.004 8.005 0.995 8.000 8.005 1.000 0.000 0.985 0.015 
Kenai late-run 8.980 0.020 0.980 0.020 0.990 8.010 1.000 0.000 0.000 0.990 0.000 8.010 1.000 0.000 0.990 0.010 
Kasilof early-run 0.948 0.060 1.QW 0.008 0.985 0.015 1.000 0.000 0.000 1.000 0.800 8.000 1.000 0.000 1.080 0.000 
Kasibf late-fun 0.995 0.005 0.995 0.005 0.995 0.005 1.000 0.000 0.000 0.945 0.000 0.055 B.MM 0.008 0.990 0.010 
Minam River 0.970 0.036) 1.000 0.000 1.000 0.000 0.908 0.100 0.000 0.965 0.030 0.005 0.990 0.010 0.895 0.105 

(haplotype B2) were inadvertently included in the late-run 
group, the results would be an over abundance of D2 hap- 
lotypes in the Kenai River late-run group. This could account 
for the haglotype frequency difference identified between 
the two late runs. 

The sampling design in the Kenai fiver might dso account 
for the relatively high values of within-population diversity in 
the Kenai River late-run. The likely inclusion of some early- 
wan fish in the late-run category may have artificially increased 
estimates of genetic variability of Kenai River Bate-run salmon. 

Although both mtDNA and allozyme analysis identified 
similar genetic differences among the populations, genetic 
identity values indicate that mtDNA analysis was more pow- 
erful in discriminating between the groups on a locus by 
locus basis. Nei's unbiased genetic identity, based on hap- 
lotype data (1978) ranged from 0.454 to 0.998 in the mDNA 
phenogram. Separation among populations according to 
dlozyme data mcwed between 0.994 and 0.999 (Fig. 2). Put 
into perspective, d l  the groupings in the allozyme phenogm 
occur in the same amount of space as that between the 
Minam River and Kenai River early-run populations in the 
mtBNA phenogram. 

Although the magnitude of the differences was greater 
using the mtDNA data, the two phenograms were different. 
The difference may be a consequence of the reduced effec- 
tive population size of mtDNA (one quarter that of nuclear 
DNA) and the resulting increased susceptibility to genetic 
drift and bottleneck effects. The difference may also be 
attributed to the number of loci used in constructing the 
phenograms. The phenogram depicting the allozyme dif- 
ferences uses 14 loci whereas the mtDNA phenogram is 
based on only one locus. Based on the single mtDNA locus, 
the degree of separation between the populations was greater 
than any one, or all, of the 14 polymorphic allozyme loci. 
The MEP-2" locus had the greatest frequency difference 
between populations (Table 5). Nevertheless, when cluster 
malysis was conducted using this locus no genetic difference 
was identified among the Alaska populations (Nei's %den- 
tity - 1). A distinction was made between the Alaska pop- 
ulations as a whole and Minm River chinook salmon (Nei9s 
Identity = 0.849), however the magnitude of the separa- 
tion was still less than those identified using mDNA analysis. 

Ecology 
Natural selection for differences in spawning habitat may 

explain the genetic differences between the early and late 
runs in the Kenai and Kasilof rivers. Late-run sdmon return 
to spawn in the mainstem of their respective rivers down- 
stream of glacier-fed lakes. The thermal capacity of lakes 

may maintain elevated temperatures downstream (Carmack 
et al. 1979) to enable successful spawning late in the year. 
Late-run chinook salmon in the Kenai and Kasilof rivers 
are the latest known spawning populations in south-central 
Alaska. Spawning by late-run chinook salmon peaks in the 
Kenai River during late August (Burger et al. 1985) and 
through mid-September in the Kasilof River (C. Burger, 
unpublished data). The warmer temperatures maintained by 
the Bakes may limit spawning late in the year to areas down- 
stream of lakes (Burger et al. 1985). Thus, late-run fish 
could not successfully spawn in the same upstream areas 
as early runs due to suboptimal (colder) water temperatures 
late in the year. 

The importance of temperature in governing the spawning 
activity of rainbow trout (Oneorhynchus mykiss) was demon- 
strated by Morrison and Smith (1986). They successfully 
altered the spawning time by manipulating water tempera- 
tures. Temperature affects the development rate and viability 
of gametes prior to spawning and also influences the rate 
of embryonic development and subsequent emergence of 
the fry during optimal environmental conditions. Water tem- 
perature may be a factor in the reproductive isolation 
identified between early- and late-run chinook salmon in 
the Kenai and Kasilof rivers. A similar conclusion was 
reached in explaining the occurrence of a genetically unique 
Bate run of sockeye salmon in the upper Kasilof River 
(C. Burger, unpublished data). 

Natural selection for differences in spawning habitat may 
explain the genetic isolation between the populations of 
chinook salmon in the Kenai and Kasilof rivers. It may also 
account for the difference in body size observed between 
the early and late runs in the Kenai River. Late-asan chinook 
salmon spawn almost exclusively in the mainstem of the 
Kenai River (as opposed to the tributaries used by the early 
run) (Burger et al. 1985), and natural selection may have 
favored a larger body size. We theorize that larger body 
size may be an adaptation to the greater water velocities 
found in the mainstem of the Kend River. This idea is sup- 
ported by studies on chum salmon (0, keta)  (Beacham 
19M), brown trout (Salrno trutta) (Yevsin 1977), md Atlantic 
salmon (S. salaa) (Jones 19'75; Schaffer and Elson 1975; 
Widdell and Leggett 198 1). Breeding experiments conducted 
under controlled conditions have shown that these inter- 
populational differences in morphological characteristics 
are heritable and represent adaptations to natal rearing envi- 
ronments (Riddell and Leggett 1981). Further information is 
needed to verify that the same adaptations have occurred 
in the Kenai River populations. Nevertheless, difference in 
fish size between the two asans con-elates with the genetic 
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common allele is designated as 100, and other alleles assigned numbers according to their mobility relative to the 100 allele. N = 100 for all five 
indicate that the data for those two alleles have been pooled. 

- -  - 

Summary 

sMEP-I sMEP-2 PEPA PEP32  PEPB-I s S 0 3 - I  TPI-4 Mean '3% of 
hetero- polymorphic 

1W 92/86 100 78 100 90 1043 83 100 130 100 -260 100 104 z y g o s i ~  loci 

TABLE 6. Results of hierarchial tests of homogeneity using mtBNA (haplotypes Dl ,  D2, D3, 
D4) and allozyme (14 polymorphic loci) data among and within the chinook sdmon popula- 
tions in the Kenai, Kasilof, and Minam rivers, and tests of homogeneity between the two 
early and two late runs in the Kenai and Kasilof rivers. 6; = log-likelihood ratio statistic, 
df = degrees of freedom, p = probability of rejecting the null hypothesis when it is true 
based on the observed G a d  df, LOS = level of significance for each test in the hierarchy where 
the overall LOS = 0.05) 

Mitochondrid DNA Allozyme 

Goup G d f p LOS G df p LOS 

Among basinshuns 181.85 12 <0.001 0.050 358.12 32 <0.05 0.050 
Within basins 

Kenai River 40.40 2 <0.001 0.013 44.90 16 90.05 0.813 
Kasilof River 71.04 1 <0.001 0.013 102.60 16 <8.05 0.013 

Between like runs 
Euly runs 6.18 2 0.045 0.013 24.73 16 >0.05 0.013 
Late runs 37.71 1 90.001 0.013 38.47 16 ~ 0 . 0 5  0.013 

TABLE 7. Means (with SE given in parentheses) for the 12 morphological characteris- 
tics of the Kenai River early- and late-run chinook salmon. All measurements are in 
centimeters except for weight, which is in kilograms. N = 20 for each population. 

Morphological character Early-run Late-run 

Distance from mideye to fork of tail 
Distance from snout to fork of tail 
Weight 
Girth 
Circumference of caudal peduncle 
Length of base of dorsal fin 
Length of longest dorsal fin ray 
Length of base of anal fin 
Length sf  longest anal fin ray 
Length of longest pelvic fin ray 
Length of longest pectoral fin ray 
Length of adipose fin from anterior end of base to tip 

differences we idenwied between populations that exhibit dif- 
ferent ecological spawning characteristics. 

Colonization and Evolution 

Our results can be used to support either of two current 
theories concerning the coIonization and evolution of the 
Alaska chinook salmon. One theory (Batley and Gall 1990) 
suggests that colonization of glaciated areas in Alaska took 
place approximately 10 080 yr ago by chinook salmon from 
the Columbia River and Bering Sea. The similarity in 

Can. 9. Fish. Aquat. Sci., VoK. 5I(Suppl. I ) ,  I994 

distribution of the DI and B2 haplotypes among Minam 
River and the two early runs in the Kenai and Kasilof rivers 
supports this hypothesis. The frequency of the shared hap- 
lotypes suggests that an ancestral form from the Columbia 
River may have colonized the early runs in the Kenai and 
Kasilof rivers. Genetically different Bate runs in both rivers 
may have diverged later due to local adaptation and repro- 
ductive isolation. Evidence in favor of the divergence of 
the two late mns is shown by the cluster analysis based on 
allozyme data. The two early a d  two Iate runs were more 
similar to each other. (Pig. 2). 
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Kasilst Late (5) 

Kenai Late (2,3) - 

Minam (8) 

Kenai Early (1,2) Kenai Early (I ,2j 

I Minm (6) Kasilcrl Early (4) 

0.99 4.0 
Pdei's genetic Identity (mtDNA) Nei's genetie: Identity (allszyme) 

FIG. 2. Phenograrns showing genetic relationships among five populations of chinook salmon from the Kenai, Kasilof, and Minam 
rivers based on both mtBNA haplotype and allozyme frequency data. Numbers in parentheses correspond to locations shown in 
Fig. 1. 

It is also possible that recolonization occurred out of a 
central Alaskan refugiurn (Cronin et aB. 1993; Ghmett et d. 
1987). If populations with similar artDNA lineages survived 
in each of the Alaskan and Columbia River refugia, then 
the shared haplotypes in the Minarn and Alaskan popula- 
tions could be explained. As previously mentioned, a more 
recent divergence s f  the two late runs in the Kenai and 
Kasilof rivers would explain the within-basin differences 
we identified. 

Equally plausible is that allopatric divergence may account 
for the genetic differences we identified. The potentid exis- 
tence of an Alaskan a d  C o l ~ b i a n  refugia during glaciation 
may Rave resulted in genetic differences due to reproduc- 
tive isolation, with the Alaskan fish utilizing lakes to facil- 
itate successful spawning late in the year and Columbian 
fish spawning in the rivers early in the year. The Colmbian 
fish could have subsequently spread north with the retreat of 
the glaciers and either displaced any river spawning popu- 
lations in Alaska or simply colonized unused river spawning 
habitat. 

Summary 

Conserving genetic diversity among populations of fish 
is critical to species survival (Nelson and Soule 1987; MeEe 
1986; Allendorf et a%. 1987). The first step towards genetic 
conservation is to identify those groups that constitute 
separate breeding populations (Larkin 198 1). Our results 
demonstrate the usefulness of mtDNA and protein elec- 
trophoresis techniques in identifying separate breeding pop- 
ulations that ate temporally and spatially close. Other studies 
have used mtDNA tecbiques to identify differences mong 
stocks of the same species, yet little published data exist 
that identify significant genetic differences between runs 
within the same drainage. Furthermore, our ability to con- 
sistently identify haplotypes of each individual at the two 
laboratories demonstrates the repeatability of the mtDNA 
techniques we used. The replicate tests also demonstrated 
that mtDNA from muscle or liver tissue can be used to 
achieve identical results. 

Results of this study suggest that sufficient variation exists 
to develop a genetic baseline for stocks of chinook salmon 

originating in Cook Inlet in Alaska. This information would 
aid in the management of the species in Alaska and csn- 
tribute to the coast-wide management of the species. Our 
results also demonstrate the potential loss of genetic diver- 
sity that could occur by ignoring ecological and morpho- 
logical differences that exist among chinook salmon within 
a drainage or among drainages. 
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